Efficient information sharing demands formal information structures in order to make sure the semantic interoperability across different phases of Product Development Process. This research presents an application of reference ontologies to support semantic interoperability during the Product Development Process. The concepts inherent to the product development process are formalized in reference ontologies and these ontologies are specialized according to the specific product data, respecting semantic rules. As a result, the potential benefits and limitations of the ontology-driven interoperability were discussed, contributing to the semantic interoperability field and improving the product and manufacturing design.
Introduction
The global competitiveness has driven the manufacturing industry to make changes and improvements in product design and manufacturing systems in order to shorten the product development cycle and to produce customized products within the minimum possible time. This challenge is aligned with the new concept of smart factories, which are seeking the flexibility and intelligence in their manufacturing systems and the support to the decisionmaking in an automatic form. One concept of the smart factories is to help manufacturing organizations to remain competitive in a collaborative environment, where all stakeholders can share information across the product design and manufacturing domains [1] .
Integrated Product Development Process (IPDP) is responsible for transforming market opportunities, stakeholders' needs and technological constraints on products [2] . It has a set of multidisciplinary activities that requires the involvement of experts with multiple viewpoints. The process of product development process is complex because heterogeneous groups must simultaneously share information from multiple domains [3] . However, it has been identified misinterpretations and mistake problems across the product development cycle as thousands of heterogeneous information are shared by different stakeholders within and across manufacturing industry frontiers, using different formats and models [4] [5][6] [7] .
The solution for this problem lies in addressing the interoperability issues [8] [9] . Interoperability is the capacity of two or more systems to share information and to use the information that has been shared [10] . The European Commission [11] classifies interoperability, according the typology, in three major categories: (i) technical interoperability, (ii) semantic interoperability and (iii) organizational interoperability. Technical interoperability concerns technological issues as data format and protocols, computational connections, etc. Organizational interoperability concerns the sharing of business models and processes as organization structure, business cooperation, etc. Semantic Interoperability concerns the information meaning that is proper and understandable by different systems (human, computer, machine, etc.) . According to this definition, the misinterpretation and mistake issues across the product development cycle is a typical problem of semantic interoperability.
Related [16] present different approaches to support semantic interoperability through the ontology. Ontology is defined as a formal, explicit specification of a shared conceptualization [17] . In this definition, formal model indicates that ontology is machine-readable, that is, the format of the ontology can be understood and processed by computers. According to this context, the research proposes the study of the reference ontologies application to overcome the semantic interoperability obstacles for an Integrated Product Development Process in Smart Factories. A case study was developed with rotational thin wall plastic injected product in order to evaluate the approach proposed. The main contributions of this paper are highlighted as (i) advancement of the collaborative and integrated product development process; and (ii) semantic interoperability between heterogeneous information from multiple domains.
The paper is structured as follows: Section 2 presents an analysis and synthesis of ontology-driven interoperability concept in the product development process. Section 3 explores the ontology-driven approach for supporting the semantic interoperability in the integrated product development process, and Section 4 evaluates the proposed approach in a test case. Finally, section 5 concludes the paper and explores the future perspectives for the research.
Analysis and synthesis of ontology-driven interoperability in product development process
Product Development Process (PDP) is responsible for transforming the customer's needs and market opportunities in a product, respecting the technical constraints [2] . PDP has a set of transdisciplinary activities structured in seven phases (Definition, Planning, Design, Manufacturing, Production, Maintenance and Retirement/Disposal). Although Product Development Process has a well-defined structure for the product development activities, it does not cope with the relationship of the product information across different phases of the product development. Misinterpretation and mistakes have been identified alongside the product design and manufacturing once the interaction of multiple groups is more intense in these phases [18] . This is a semantic interoperability problem, which occurs when the meaning associated with the captured information is not effectively shared across different phases without losing of the meaning associated with it [9] .
The alternatives to overcome the semantic obstacles are the creation of integrated solutions through the definition of common information models and their relationships [4] . In this context, ontology has attracted a lot of attention to the development of shared representations [14] [15] [19] . It has been observed that the ability for sharing semantics across these representations is dependent on the degree of formality or logical expressiveness supported by ontological formalisms. Although ontologies create semantic formalisms, an expressive problem is how to work
